Abstract-It is a common view that the assembly process heavily affects a product's final quality and cost. The continuously shortening product life cycle requires a faster response speed as well as a lower defect rate in assembly production. In this situation, assembly quality control is becoming one of the most demanding problems in the modern manufacturing environment. The main causes of assembly defects can be classified into four categories, i.e., improper design, defective part, variance in assembly system, and operator error. The first three categories have been studied for many decades. However, elements of the operator error have not been fully explored. In this paper, using a copier assembly as an example, the problem of assembly defects caused by mistakes of operators is investigated systematically. A novel defect-rate prediction model is derived from the study of two complexity factors, namely, the design-based assembly complexity factor and the process-based assembly complexity factor, which are defined according to the structure and production characteristics of the copier. Several case studies consistently demonstrate that the new prediction model is accurate and stable for evaluating the copier assembly quality. Moreover, another case study offered in this paper demonstrates that the prediction model can provide effective assistance in the improvement of assembly quality.
ensure a proper profit margin. Unfortunately, real situations are usually very different from our expectations. Frequently changing products are boosting the assembly defect rate to new records.
Through a detailed investigation at Fuji Xerox China, the main copier assembly defects are identified and illustrated in a Pareto chart (see Fig. 1 ). Ranking from tallest to shortest, these bars represent various types of assembly defects caused by part defect, operator error, part mishandling, design mistake, fixture, tooling, etc. The root causes of these assembly defects can be classified into four categories: improper design, defective part, variance in assembly system (induced by the changes of plan/schedule/arrangement of machine, fixture, tooling, etc.), and operator mistake. Previous research has focused on the first three root causes. Some useful assembly quality control technologies and management approaches have been developed. For instance, design failure modes and effects analysis, design of experiments, design for assembly (DFA), etc., can be employed for evaluating and improving the assembly design quality. Data mining, sensor-based monitoring, statistic process control, etc., can be utilized to control assembly system variance [41] , [43] , [44] . In addition, some supplier management standards and quality inspection strategies have been developed for controlling the quality of the purchased parts or modules.
In terms of the fourth root cause, many investigations disclose that human errors have significant influence on assembly system performance, sometimes more than the technological ones [29] . As shown in Fig. 1 , our field study demonstrates that the operator errors account for 20% of the total defects in copier assembly. Shibata [28] studied the assembly errors of the compact disk/mini disk dual-deck players and found that 25% of the total assembly errors were induced by human mistakes. Vineyard et al. [34] reported that, in U.S. manufacturing plants, human failures caused by improper human action on the average accounted for 40% of all the failures. These high percentages suggest that diminishing the fourth root cause is very important for assembly quality control and more attention should be paid to the assembly defects caused by operator error.
However, in existing research, the operator-induced assembly defects have not been fully addressed. As stated in Booker et al. [4] , efforts have been focused on predicting component quality levels through variability and process capability measures at the design stage, but the variability associated with assembly operations is rarely considered in the context of quality. Under these considerations, taking the copier as an example, the mechanisms of the operator mistake-induced assembly defect are explored systematically in this paper. Referring to previous literature, two assembly complexity factors are proposed and formulated to match the characteristics of copier assembly. Then, a novel mathematical model is developed for predicting and evaluating the operator-induced defect rate. Moreover, several case studies are conducted to demonstrate the effectiveness of the prediction model.
The arrangement of this paper is as follows. First, the related research works are reviewed and two prediction models, i.e., Hinckley model and Shibata model, are introduced in Section II. In Section III, a copier and its assembly system are investigated and evaluated using Shibata model. Then, in Sections IV and V, respectively, the calculation approaches for the design-based assembly complexity and the processbased assembly complexity are constructed according to the characteristics of the copier. Thereafter, a new assembly defect prediction model is constructed in Section VI. Then, three more cases are studied and some important issues are discussed in Section VII. Finally, Section VIII summarizes this paper.
II. LITERATURE REVIEW AND PREVIOUS MODELS

A. Literature Review
Assembly-related issues have been explored by industrial engineers and academic scholars for several decades. Most of the previous works are focused on the following three areas: assembly structure design and optimization, e.g., DFA [5] , [24] , [32] , [33] ; assembly process planning, e.g., assembly sequence planning [6] , [8] , [9] , [12] , [13] , [15] , [30] , [31] ; and assembly production scheduling [16] , [37] , [39] , [42] .
In the 1990s, some scholars started to pay attention to the geometrical tolerance control in car body assembly [2] , [7] , [10] , [18] . Liu and Hu [20] analyzed the deforming problem in the sheet metal welding. Mantripragada and Whitney [21] proposed an algorithm to propagate and control variation in mechanical assemblies using the State Transition Model approach. Huang and Shi [17] applied the state space approach to analyze the stream of variation between assembly stations. Wang and Ceglarek [35] , and Zhang and Ni [40] emphasized that car body assembly tolerances were closely related to the assembly sequence. Aguilar et al. [1] studied the error sources and their influence on measurement results by means of simulation and experimental tests. Prabhaharan et al. [26] introduced a concurrent tolerance approach that could determine optimal product tolerances and minimize combined manufacturing and quality-related costs in the early stages of design.
In order to find the reason for human failures, some ergonomic studies have been conducted [22] , [27] . Park [25] remarked that humans generally had similar performance limitations that caused people to make more mistakes in more complex tasks. Capacity limitations in short-term memory and recall problems in long-term memory strongly affected human performance reliability. Complex task sequences in a specific order overstrained human memory. Eklund [11] evaluated the relationships between a number of ergonomic conditions and product quality in car assembly. The results showed that the quality deficiencies were three times as common for the work tasks with ergonomics problems, compared with the other tasks. Lin et al. [19] measured relationships between workstation ergonomics and product quality. The study found that two ergonomic variables, i.e., the time required for the task and the postural deficiencies, were together able to predict over 50% of the quality variance on an assembly line. Wartenberga et al. [36] stated that assembly task characteristics such as visual and manual demands influenced the postures employed and the muscular load during task execution. Tasks with high precision demands required a significantly longer completion time. In summary, these ergonomic studies directly or indirectly indicate that assembly complexity has a close relationship with human mistakes. Based on this viewpoint, the following two prediction models of the operator-induced assembly defect rate were proposed for semiconductor products.
B. Hinckley Model
Based on defect data of semiconductor products, Hinckley [14] found that defect per unit (DPU) was positively correlated with total assembly time and negatively correlated with number of assembly operations. He defined the assembly complexity factor (Cf) as follows:
where TAT total assembly time for the entire product; TOP total number of assembly operations; t 0 threshold assembly time. In order to calibrate the correlations between these parameters, he incorporated the threshold assembly time (t 0 ) which was defined as the time required to perform the simplest assembly operation. With this complexity index, Hinckley found that when plotting on a log-log scale, the complexity and the corresponding defect rate showed a positive linear correlation with each other, as in the following two equivalent equations:
where C and K are constants.
C. Shibata Model
Shibata [28] remarked that the Hinckley model did not take the assembly design factors into consideration and could not evaluate the defect rate for a specific workstation. Therefore, Shibata proposed a prediction model for a workstation based on two assembly complexity factors: the process-based complexity factor (Cf P i ) and the design-based complexity factor (Cf Di ). In Shibata [28] , home audio products, a combination of CD player and MiniDisc recorder/player, were utilized as assembly cases. For assembling these semiconductor products, about 300 job elements were included and the total time was around 10 min.
In Shibata model, the process-based complexity factor of workstation i is defined as
where N ai number of job elements in workstation i; SST ij time spent on job element j in workstation i; t 0 threshold assembly time. It should be noted that, in (4), the assembly time SST ij is determined by Sony standard time (SST), a commonly used time estimation tool for electronic products. SST is a powerful tool to estimate the operation time for every kind of assembly operation of semiconductor products. It comes from long-time real field investigations and statistics. Usually, it is used to set the standard process time and estimate the required labor cost. All operators need to follow this standard time in their daily work. Therefore, the Shibata prediction model is built on the SST time instead of actual times of some specific operators.
Similar to (2) and (3), Shibata derived the following correlation relationships between the process-based assembly complexity factor and DPU:
where C and K are constants. In addition, Shibata defined the design-based assembly complexity factor as
where K D is an arbitrary coefficient for calibration with process-based complexity; D i is called the ease of assembly (EOA) of workstation i, evaluated based on the method of design for assembly/disassembly cost-effectiveness (DAC) developed in Sony Corporation. Shibata found that the correlation between the design-based complexity and DPU can be expressed as follows:
where a and b are constants. According to Mendenhall and Sincich [23] , more independent variables can improve the accuracy and stability of the regression function. Inspired by this point, Shibata [28] derived a bivariate prediction model by combining (5) and (9) log(
In this section, a case study is conducted to determine if Shibata's model is applicable in the copier industry. It is a type of multifunctional copier, entitled DocuWorks. It consists of 600 parts. In reality, these 600 parts are only buy-level parts, and some buy-level parts consist of 5-15 component-level parts. For this product, more than 1000 operations are included in the assembly production and most of the operations are performed manually at Fuji Xerox China. The total assembling time is about 1 h. Fig. 2 shows the configuration of DocuWorks. The copier is made of 14 subsystems: the duplex automatic document feeder, image input terminal, fuser, transfer, registration, exit, door, multiple sheet inserter (MSI), main controller unit, high/low voltage power supply, NOHAD (system of noise, ozone, heat, air flow, and dust), frame, tray, and customer replaceable unit. Fig. 3 shows the layout of the workshop in which DocuWorks are assembled. In this system, 17 workstations are assigned for subassembly, 7 workstations are designated for main assembly, and the remaining 19 are for adjustment and inspection.
A. DocuWorks and Its Assembly System
First, subsystems of door, MSI, fuser, tray frame, tray, and registration are built in subassembly workstations. Then, the subsystems and some components are all directed to the main assembly line. After the assembly jobs in the main line are finished, copy machines are sent to the adjustment and inspection area for adjustment, inspection, and a safety test. If everything is OK, the machines are packaged and shipped to Fuji Xerox sales centers all around the world.
B. Data Collection
The authors experienced remarkable challenges in collecting data. For DocuWorks, a 100% inspection was executed at the inspection area. Additionally, approximately 10% of the machines were spot checked before delivering. Every problem was documented in detail, including the description, root cause, allocation, short-term action, etc. During the four-month investigation period, a total of 10 036 copiers were assembled and 977 quality problems were recorded. Among them, 172 were determined to be operator-induced assembly defects.
Theoretically, all of the assembly defects should be recorded. However, sometimes, the downstream operator might directly send the defective product back to the upstream operator for correction. In this situation, the corresponding defect would not appear in quality records. To ensure the data quality, authors talked with operators and guaranteed that the collected data would only be used for research. In this way, 17 more defects were added according to operators' recall. Thus, a total of 199 operator-induced assembly defects were obtained.
C. Prediction Using Shibata Model
Using SPSS 13.0, case data were analyzed using the Shibata method and the following prediction model was derived:
log(DPU i ) = 1.525 log(Cf pi ) + 1.935 log(Cf Di ) + 3.432.
Shibata [28] reported that the R square of his model can reach 0.7 for audio equipment assemblies. However, Table I shows that the value of R square is only 0.257 when used in the copier assembly. This finding implies that the Shibata model is not appropriate for electromechanical products like copiers.
Furthermore, the correlations between the individual assembly complexity factor and DPU are statistically analyzed as below
Di . Table I . Fig. 4 shows the fitting curve and residue analysis of Cf P i versus DPU. Fig. 5 shows the fitting curve and residue analysis of Cf Di versus DPU. One can see that, in the residue charts, the average deviates from zero and outliers appear. In the tenth workstation, a number of screws should be assembled to different faces of a frame. Many times, some of the screws located in rear face or corners are missed. That is why an extreme point occurs in this workstation. These findings suggest that Shibata's method is not suitable for the copier assembly defect prediction.
The aforementioned analysis results can be explained by the following three facts.
1) The Shibata model was developed by studying electronic products. All case data came from small size electronic products, e.g., mini stereo or MiniDisc player. Most of the assembly operations are something like inserting and soldering of small electronic components and electric wires on the printed circuit board. However, the multifunctional copier is a complicated electromechanical product. In addition, to some extent, a copier is more like a mechanical product from the view of assembly production. In addition, compared with the electronic products, copiers are 10 to 100 times larger in terms of size, weight or parts quantity. Moreover, different work mechanisms result in significant differences in parts, materials, and mating methods. These differences determine that the Shibata model cannot be directly used in analyzing copier products.
2) The DAC method used in the design-based assembly complexity factor evaluation in the Shibata model is not suitable for copier products, since DAC was developed for evaluating the EOA of Sony electronic products such as CD players or notebook computers. The criteria used in this method were developed based on electronic products other than mechanical or electromechanical products. 3) In the Shibata model, the process-based assembly complexity factor is evaluated based on the SST which is designed specifically for electronic component assembly operations. This time database is absolutely not suitable for analyzing the copier production. For instance, in SST, the threshold assembly time t 0 is 2 s. However, in copier assembling, the shortest adjustment action can be finished in 0.01 min (or 0.6 s) according to the time standard in Fuji Xerox.
For these reasons, the evaluation methods of the assembly complexity factors should be redesigned to better match the characteristics of a copier. In addition, a new prediction model should be developed accordingly.
IV. NEW DESIGN-BASED ASSEMBLY COMPLEXITY EVALUATION METHOD
A. Redesign of the Evaluation Method
As mentioned previously, DAC is not suitable for copiers. Therefore, the evaluation method of the design-based complexity factor should be redesigned. In addition, the possible substitute should be more suitable for mechanical or electromechanical products. With this concern in mind, the method developed in Ben-Arieh [3] is considered since it is simple and has been successfully applied to more than 150 different mechanical products. According to the characteristics in a TABLE IV  PAIRED COMPARISON MATRIX copier assembly, 11 parameters are selected as the criteria for evaluating the design-based assembly complexity. These parameters are part shape(P1), force required(P2), mating direction(P3), alignment of components(P4), mating component's length(P5), length of components intersection(P6), ratio of length to width (diameter) (P7), ratio of the mating component's weight to the mated one(P8), stability(P9), support required(P10), and interference(P11).
To obtain an integrated index, the weights of the 11 criteria are allocated using the analytic hierarchy process (AHP) approach [38] . Six assembly engineers in Fuji Xerox were trained and involved in the AHP analysis. These engineers were asked to compare the relative importance of each parameter in determining the difficulty of putting a part into a product. According to the evaluation by the six assembly engineers, the paired comparison matrix between the 11 parameters is derived, as shown in Table IV . Here, the relative importance between two parameters is scored as integers from one to nine, where one indicates the same importance and nine indicates a dominant importance.
With the comparison matrix, the weights of the 11 parameters can be derived as follows:
where a ij relative importance of parameter i over parameter j in Table IV ; N number of parameters, here N = 11; w i weight of parameter i; as listed in Table V. We define A kpi as the evaluation of parameter p in workstation i estimated by engineer k. Using the weights in Table V , we can then calculate the new design-based complexity factor as follows:
where w P weight of the parameter p; Cf Di new design-based complexity factor of the work station i. 
B. Correlation Analysis of Cf Di Versus DPU
Next, we analyze the correlation between the new designbased complexity Cf Di and DPU for the copier DocuWorks. To find the most suitable equation to describe the correlation, 11 different equations were tested in SPSS 13.0, as listed in Table VI .
Compared with the correlation analysis result shown in Table III , one can see that the value of R square is increased from 0.153 to 0.432 for the power fitting function. Furthermore, among the 11 equations, the cubic is the best fitting equation with the highest R square of 0.663. These figures suggest that the new design-based complexity Cf Di performs much better than the original design-based complexity Cf Di defined in the Shibata model
Equation (16) is the derived cubic fitting function for the copier. Fig. 6 shows the fitting curve and the corresponding residue analysis of this function. In the residue chart, there is no cyclical behavior and no outlier. More importantly, the average is equal to zero. Therefore, it is safe to say that this predicting model is appropriate for a copier assembly.
V. NEW PROCESS-BASED ASSEMBLY COMPLEXITY EVALUATION METHOD
A. Fuji Xerox Standard Time
Instead of using SST, the new process-based assembly complexity factor is evaluated based on Fuji Xerox Standard Time, which is more suitable for copier production. To express this, (4) is changed to
Cf P i new process-based assembly complexity factor; N ai number of job elements in workstation i; FXT ij time spent on job element j in workstation i; this time is estimated using Fuji Xerox Standard Time. t 0 threshold assembly time, it should be 0.6 s according to time standard in Fuji Xerox. The correlation of the new process-based complexity Cf P i and DPU are explored using the 11 equations as listed in Table VII . The best regression function is again the cubic fitting equation. Fig. 7 shows the fitting curve and the corresponding residue analysis of this function. Equation (18) is the resulting model
Compared with the original process-based complexity Cf P i defined in the Shibata model, the value of R square is increased from 0.169 (see Table II ) to 0.656 (see Table VII ). This significant improvement demonstrates that the Fuji Xerox Standard Time-based process-based complexity factor is far more suitable for the copier DPU analysis.
B. Time Variation
In our investigation, an interesting phenomenon was encountered. As shown in Fig. 8(a) , a workstation was blamed for its high defect rate. As a generally used approach, assembly engineers developed a fixture for this workstation.
When the fixture was installed, two more operations were added, as shown in Fig. 8(b) . By (17) , the process-based assembly complexity Cf P i would be increased from 0.19 to 0.22. Thus, the defect rate should be increased a little bit according to (18) . Ironically, the fact was totally different from this expectation. The defect rate was dramatically decreased when the fixture was installed. This phenomenon implies that, in the process-based complexity evaluation, only taking the operation time into consideration is not enough.
Comparing Fig. 8(a) and (b), we can see that the time variations of the two curves are significantly different from each other. As we know, variation is one of the most important causes of quality problems. Thus, we may hypothesize that the defect rate reduction is due at least in part to the significant decline of the time variance from 0.0026 to 0.00053.
This hypothesis can be verified with the following case data. As shown in Fig. 9 , the operation times in five workstations, i.e., A, B, C, D, E, are given. About 30 to 60 operations are included in each workstation. The circles denote that at least one defect has occurred in this operation. For each workstation, the process-based complexity, time variance, and total defects are given at the upper-right corner of the corresponding curve. One can see that the highest defect rate appears neither in workstation B, which has the largest complexity, nor in workstation A, which possesses the biggest number of operations. In fact, the workstation D, which has the largest time variation, has the highest defect rate.
C. Redesign of the Process-Based Assembly Complexity Evaluation Method
The aforementioned analysis demonstrates that the workstation with the largest variation of assembly time is likely to induce a high defect rate. This finding suggests that the time variation should be considered in the new defined processbased assembly complexity. Therefore, the new process-based assembly complexity is revised as follows:
where Cf pi new defined process-based assembly complexity; Cf pi process-based assembly complexity defined in (17); k calibration coefficient; σ i variation in work time at station i, which can be predicted from Fuji Xerox data. To find the proper value of k, a series of numerical experiments are conducted. As shown in Fig. 10 , one can see that the R square of Cf pi versus DPU will reach to its maximal value when k is three or four. Here, k is set to four in the following analysis.
As shown in Table VIII , the correlation of Cf pi versus DPU is statistically computed for the 11 equations.
Compared with the R squares in Table VII , the inclusion of time variation can enhance the R squares considerably. The maximal R square of 0.755 is achieved when the cubic fitting equation is applied. Fig. 11 shows the cubic fitting and the corresponding residue analysis of the new process-based complexities Cf pi versus DPU.
One can conclude that Cf pi is better in both the curve fitting and the residue analysis. In addition, the corresponding prediction model can be derived as follows:
VI. NEW PREDICTION MODEL
In this section, the new design-based complexity Cf Di and the new process-based complexity Cf P i are integrated and a novel bivariate predicting model is developed.
In order to find the optimal regression function, the following six typical bivariate equations were studied and compared with each other. 1) Linear:
The R square for each equation can be calculated as follows:
andD PU i is the predicted DPU value for each work station. The calculations are performed in MATLAB-7.4.0.287 (R2007a). Table IX shows the values of R square for each bivariate equation. Among the six functions, the cubic is the best one. Compared with the univariate regression analysis in Tables VI and VIII, the value of R square is increased from 0.663 or 0.755 to 0.793.
As shown in Fig. 12 , no cyclic or outliers can be found in the residues analysis, and the residues are quite acceptable. Therefore, the most suitable bivariate cubic equation is derived as follows: With the newly developed model, we can predict the defect rate for each workstation of the multifunctional copier DocuWorks. As shown in Fig. 13 , the actual DPU i , DPU i predicted by the Shibata model, and DPU i predicted by the new developed model are displayed in one chart. It is obvious that the new developed model possesses a better performance on assembly defects prediction. The value of R square is increased from 0.257 to 0.793.
In this paper, all the actual DPU i are collected during the early learning period. As stated in Section I, it takes several months for production to become stable with a low level of defects. We are concerned with the quality level in the early learning period more seriously than that in the later steady state period, in which DPU i will be very low due to the experience accumulation and some improvement efforts. Therefore, it is more meaningful to focus on the assembly quality estimation and control for the early learning period.
VII. ADDITIONAL APPLICATIONS OF THE METHOD
A. Analysis of Two More Copiers
To validate the generality of the proposed method, two other different kinds of copiers, namely, DocuCenter and DocuPrinter, are evaluated with the new proposed method. These two copiers are more complicated when compared with the first case, DocuWorks. In the DocuCenter, a total of 1113 parts are included and assembled in 34 subassembly workstations and 26 main assembly workstations. DocuPrinter, consisting of 891 parts, is assembled in 19 subassembly workstations and 14 main workstations.
The two copiers, DocuCenter and DocuPrinter, are evaluated using the new method. First, the assembly complexity factors are calculated using (15) and (19) . Then, the cubic regression equations are derived for the two copiers, respectively. The resulting equations are similar to (21) but coefficients are different from each other. Moreover, correlation analyses are conducted and the corresponding R squares are derived as listed in Table X .
The response surface of the DocuCenter is shown in Fig. 16 . The point A corresponds to the original situation before improvement. As stated above, the response surface can be utilized to assist in decision-making. Here, the slope S Cf Di is much larger than the slope S Cf P i . Thus, we decided to decrease the design-based assembly complexity first.
The R square values in Table X demonstrate that the new designed method is accurate and stable for assembly defect rate prediction in copier assembly production. 
B. Response Surface of the Prediction Model
The prediction model can be utilized as a decision tool in assembly quality evaluation and improvement. For instance, according to (21) , the new prediction model can be charted as Fig. 14 . The response surface of DPU over Cf Di and Cf P i can provide a useful tool on suggesting the appropriate strategy for assembly quality improvement.
Generally, according to the values of Cf Di and Cf P i , one can find a point on the response surface that is corresponding to the current assembly quality level. At this point, two tangents can be drawn in the two orthogonally intersecting planes, respectively. In addition, the slopes of the two tangent lines can be In addition to the aforementioned rules, the cost and technical factors should also be carefully considered in decision making.
C. Analysis of a Copier Subassembly Using the Response Surface
In the copier company, a high defect rate was found when assembling the intermediate transfer module in the copier DocuCenter. The structure of this module is shown in Fig. 15 . The picture on the right demonstrates the inserting of the belt onto the frame. The inner frame structure is illustrated on the left side. Several rollers are supported by brackets. These parts are connected through shaft-hole method and fixed by a number of screws. This module is very important and critical to the copy quality. However, the assembly of the module is too difficult to achieve the required shape and position accuracy. Either belt deflection or frame slant will cause a skewed copy or an abnormal colored line (or spot) on the copy.
Through careful analysis, we identified two main causes for the belt deflection. 1) To assemble a good frame, each of the metal brackets and rollers should be precisely positioned and clamped tightly while the screws are driven. Meanwhile, 15 screws were assembled horizontally which could increase the assembly complexity considerably. During this process, the tiny misalignment in each step can accumulate to induce the frame deflection. 2) The belt should be assembled exactly in the middle of the rollers. Any distortion or skewness would lead to defects in copy quality. Furthermore, since the surface of the belt must not be touched, the operator could only touch a very limited area on the two ends of the belt. Therefore, it was very difficult for the operator to hold the belt and assemble it into the required position.
Due to these reasons, the design-based assembly complexity was very high for this subassembly. To solve the retaining and positioning problems, a special fixture was designed. Meanwhile, a design revision changed the assembly direction from horizontal to vertical which greatly decreased the complexity of screwing and belt inserting. As a consequence, the assembly defect rate decreased significantly. Correspondingly, as shown in Fig. 16 , the position A changed to position B after the improvement. Table XI shows the values of the complexities Cf Di and Cf P i , the predicted DPU, and the actual DPU before and after the enhancement, respectively. One can see that the designbased complexity Cf Di is reduced considerably from 7.1 to 4.7. As a consequence, the actual DPU measured from the field study is decreased from 17.01 × 10 −4 to 8.89 × 10 −4 . By comparing the predicted DPUs and the actual DPUs, one can conclude that the new method is an effective tool in assembly quality forecasting and improvement.
VIII. SUMMARY
The continuously shortening product life cycle requires a faster response speed as well as a lower defect rate in assembly production. In this situation, assembly quality control is becoming one of the most demanding problems in the modern manufacturing environment. In this paper, the operator-induced assembly defect is studied systematically. Aiming at the copier assembly quality control, the new assembly complexity factors and a novel assembly defect prediction model are developed based on statistical analysis of a series of case studies.
The design-based complexity is redesigned using BenArieh's method combined with the AHP method. The Fuji Xerox Standard Time, instead of SST, is employed in calculating the process-based assembly complexity factor. In addition, for the first time, the relationship between the time variation and the assembly defect is discovered and integrated into the calculation of the process-based assembly complexity factor.
With the new assembly complexity factors, a novel assembly defect prediction model is proposed. Through statistical analysis, the cubic equation is chosen as the most accurate fitting function in the DPU prediction. Three different assembly cases verify that the new developed model is accurate and stable for the copier assembly defect prediction. Furthermore, another case study demonstrates that the proposed method can be of great help in the assembly quality improvement.
The proposed model can act as a decision support tool for the assembly quality-oriented copier design and optimization. Whenever the assembly structure is determined in early stages of design, engineers can employ the prediction model to evaluate the design-based assembly complexity and processbased assembly complexity and, thereby, get the quantitative estimation of DPU of the new developed copier. Thereafter, some improvements can be made. When engineers first use this method, they will not have coefficients for the model and will have to try the method on typical products (perhaps on small subassemblies) and obtain real DPU data in order to calibrate the model. This will give them typical values for the coefficients for their kind of product. After that, they can use coefficients derived from experience on past products to start the evaluation of new ones. Gradually, they will build up knowledge of their products and a more mature model with more accurate coefficients will gradually be learned. Although the model is designed for copier assembly, the research approaches and the corresponding results can provide a reference framework for future explorations on other products, particularly for the electromechanical and mechanical products. According to the authors' experience, the general research route can be summarized as in Fig. 17 .
